Upland agricultural land management activities such as grazing, vegetation burning, and bare ground restoration impact hydrological elements of headwater catchments, many of which may be important for downstream flood peaks (e.g., overland flow and soil water storage). However, there is poor understanding of how these management practices affect river flow peaks during high magnitude rainfall events. Using the distributed TOPMODEL, spatial configurations of land management were modelled to predict flood response in an upland catchment, which contains different regions operating subsidized agricultural stewardship schemes. Heavy grazing leading to soil compaction and loss of vegetation cover in stewardship regions covering 79.8% of the catchment gave a 42-min earlier flow peak, which was 82.2% higher (under a 1-hr 15-mm storm) than the current simulated hydrograph. Light grazing over the same regions of the catchment had much less influence on river flow peaks (18 min earlier and 32.9% increase). Rotational burning (covering 8.8% of the catchment), most of which is located in the headwater areas, increased the peak by 3.2% in the same rainfall event. Vegetation restoration with either Eriophorum or Sphagnum (higher density) in bare areas (5.8%) of the catchment provided a reduction of flood peak (3.9% and 5.2% in the 15-mm storm event), whereas the same total area revegetated with Sphagnum in riparian regions delivered a much larger decrease (15.0%) in river flow peaks. We show that changes of vegetation cover in highly sensitive areas (e.g., near-stream zones) generate large impacts on flood peaks. Thus, it is possible to design spatially distributed management systems for upland catchments, which reduce flood peaks while at the same time ensuring economic viability for upland farmers. 
modelling study by Gao, Holden, and Kirkby (2016) suggested that the same land cover change in "sensitive" areas of upland catchments such as riparian zones could have 3 times the impact on flow peaks as those same changes in headwater areas. This work indicated that the specific locations of land management interventions can play a vital role in influencing flood flows from upland systems. However, in the work of Gao et al. (2016) , the interventions simulated were changes in square plots of different sizes within which the vegetation was switched between Sphagnum-rich cover, bare peat, and a sedge mix with outflows from the catchment simulated. In reality, upland management occurs over larger, more joined up areas, covering large parts of subcatchments. Therefore, further work is required to understand how different spatial configurations of land cover change, which are relevant to the scale of policy decisions, may impact downstream flood peaks.
| Grazing
Grazing affects many aspects of catchment hydrology in headwater peatlands. Livestock compacts soil and reduces the soil water storage capacity, leading to enhanced and earlier occurrence of saturatedexcess overland flow on hillslopes (e.g., Meyles, Williams, Ternan, Anderson, & Dowd, 2006) . The hydraulic conductivity and infiltration rate in grazing fields are much lower across the hillslope than where grazing has been restricted (Holden et al., 2007; Zhao, 2007) . Lower hydraulic conductivity may also decrease subsurface flow volume and increase the possibility of saturated-excess overland flow generation. Reduction of infiltration capacities may induce infiltration-excess overland flow; however, from the study of Marshall et al. (2009) in an improved pasture hillslope of a headwater peat catchment, infiltrationexcess overland flow would not be widespread across the hillslope and occur only where soils are "severely" compacted.
At the same time, heavy grazing may induce vegetation loss, as sheep and cattle may eat and trample a large proportion of Eriophorum and other vegetation (Shaw, Wheeler, Kirby, Phillipson, & Edmunds, 1996) . This vegetation cover loss can reduce surface roughness to accelerate overland flow movement on hillslopes and may set off early and sharp flow peaks in river courses.
There have been subsidy schemes in U.K. farming and agri-environment schemes date from the mid-1980s (Hodge & Reader, 2010) .
Since 2005, the Environmental Stewardship Scheme, composed of Entry Level Stewardship (ELS) and Higher Level Stewardship (HLS), provides payments to farmers for environmental service provision (Hodge & Reader, 2010; Quillerou, Fraser, & Fraser, 2011) . ELS has more general requirements and higher participation by farmers, whereas HLS has more specific environmental commitment and hence lower participation rates (Hejnowicz, Rudd, & White, 2016; Quillerou & Fraser, 2010) . The aim of the scheme is to reduce the production intensity and promote environmental protection (Hodge & Reader, 2010) . In many uplands in the U.K., this scheme applies mainly to sheep farming.
| Burning
Rotational prescribed burning has operated across large areas of the U.K. uplands including peatland headwaters for over 100 years (Hobbs & Gimingham, 1987; Holden et al., 2007; Thompson, Hester, & Usher, 1995) . The main aim of this prescribed burning is to generate a mosaic vegetation distribution with varying ages, promoting the habitat of the game bird, red grouse. These managed fires normally seek to achieve a quick burn of the vegetation cover and to avoid consumption of the underlying peat (Holden, Chapman, Palmer, Kay, & Grayson, 2012; Yallop et al., 2006) . This is different to wildfires in peatlands, which may last for long periods and often burn down into the peat profile (Davies, Gray, Rein, & Legg, 2013) . Each burning patch in the mosaic is typically burned once every 8-25 years depending on the vegetation productivity and local agreements with government bodies. Normally burning occurs each year within those catchments with prescribed burn mosaics so that there are always some areas of recent burn .
The impact of prescribed burning on high flows in peatland catchments is not entirely clear. The burnt catchments seem to have deeper water tables and more consolidated peat than similar catchments without burning Holden et al., 2015) . Deeper water tables may reduce the occurrence of saturation-excess overland flow and river flow peaks in moderate storms. However, in the heaviest storm events, this buffering influence could be limited. Instead, during large storm events, the key factor would be loss of vegetation cover, which decreases surface roughness and thus accelerates delivery and concentration of overland flow, thereby increasing flow peaks. The modelling study of Gao et al. (2016) found that lots of bare peat patches covering a random 20% area of a blanket peat catchment increased river flow peaks by 10% compared to the scenario with no bare peat patches (1-hr 20-mm/hr storm event).
| Revegetation
From the end of the last century, many degraded peatland catchments have undergone peatland restoration, and the main techniques of peat restoration include drain blocking, gully blocking, bare peat stabilization, and vegetation restoration (Parry et al., 2014) . These practises may change the hydrological regime of peat catchments and influence the movement and concentration of overland flow and river flow peaks in flood events. Compared to drain blocking, several studies have shown that surface roughness increase resulting from vegetation restoration may have a greater impact on peak flows (Ballard, McIntyre, & Wheater, 2012; Holden, Walker, Evans, Worrall, & Bonn, 2008; Lane & Milledge, 2013) . This may be particularly the case for Sphagnum cover, which is a common peatland plant that has large surface roughness (Holden, Kirkby et al., 2008) . Grayson, Holden, and Rose (2010) found lower flow peaks in a peat catchment with good vegetation cover compared to periods when the same catchment had a higher proportion of bare peat. However, there has been a lack of studies that have examined such effects. This is mainly because longterm river flow records in upland peat systems are lacking.
| Hydrological modelling
Existing models and most recent work have focussed on propagation of floods downstream, linked to potential flood inundation patterns, but less attention has been paid to the contributions of flow from source areas (Boll, Brooks, Crabtree, Dun, & Steenhuis, 2015; Saghafian & Khosroshahi, 2005 Gao, Holden, and Kirkby (2015) recently developed a spatially distributed version of TOPMODEL with a specific overland flow roughness module suitable for upland peat systems. They showed that the model was an effective tool for examining land cover impacts on river flow peaks in these systems. There are two main merits of the distributed TOPMODEL for studying the impact of land management on flood hydrographs in blanket peat catchments: (a) The water storage change of peat and its impact on overland flow production can be sim- This paper aims to use the spatially distributed TOPMODEL to examine the relative roles of stocking density, prescribed burning, and peatland revegetation in flood flows across an upland catchment system where large, connected areas of land are under each of these management interventions. This study is grounded in its application to a real management system rather than the more theoretical treatments that were applied by Gao et al. (2016) in their isolated square patch vegetation change study. Figure 2 shows the rainfall frequency analysis in this period.
The distributed TOPMODEL developed by Gao et al. (2015) is a spatially distributed version of TOPMODEL, which was lumped or semidistributed when originally developed by Beven and Kirkby (1979) . The new model, using grid cells as computational units, keeps the key equations of run-off production from the original TOPMODEL (see Kirkby, 1997) , but downscales those equations from catchment scale to cell scale. The overland flow movement is described by a new module in which the multiple-direction flow theory of Quinn, Beven, Chevallier, and Planchon (1991) and the Darcy-Weisbach equation are employed to give overland flow direction depending on topography and its velocity taking slope, water depth, and surface roughness into account. A stochastic algorithm is involved to describe the routing of overland flow in the module.
The distributed TOPMODEL has three key parameters for peatland catchment modelling. K is hydraulic conductivity of the soil.
m is a scaling parameter representing the active water storage in soil.
k v is an overland flow velocity parameter related to surface roughness.
The velocity parameter was derived from an empirical study of overland flow in a U.K. blanket peatland catchment by Holden, Kirkby, et al. (2008) , in which overland flow velocity was studied in different vegetation types, slope gradients, and flow depths, and it was found 
| Land management scenarios
Land management scenarios were designed to model the impact of land management on peak river flow in storm events in upland peat catchments. These scenarios represent different land management types and spatial patterns. There is a "normal" land management scenario with a uniform Eriophorum surface cover and no soil compaction, which is treated as the baseline status for scenario comparison (the vegetation cover in the catchment is dominated by Eriophorum).
For this study, K was assumed to be horizontally homogeneous, whereas m and k v are spatially distributed variables that can be used to represent different spatial configurations of soil compaction and land cover. A map of parameter m from the soil conditions in the catchment and another map of k v based on the land cover map of the catchment were used as inputs in scenario modelling runs.
| Grazing
There 
(c) studies using TOPMODEL, in which the m varied from 2 to 5 mm in areas of heavy and organic-rich soils to as much as 30 mm for readily draining brown earths (Beven, Kirkby, Schofield, & Tagg, 1984) . For the heavy grazing scenarios, the overland flow velocity parameter in the model was set as twice that of Eriophorum to represent the impact of vegetation loss on overland flow movement-the velocity parameter on bare peat soil is 5 times that on the Eriophorum cover (Holden, Kirkby, et al., 2008) .
| Burning
Parts of Coverdale have undergone prescribed burning for several decades although the exact burning history is not known. Rotational burning regions were determined from aerial photos. For the scenario of prescribed burning in the catchment, it is assumed that all burning areas undergo a 10-year rotational burn and 40% of the burning patch area is recently burnt (7.3 km 2 , 8.8% of the catchment). The surface roughness of the recently burnt area was reduced by 50% compared to the normal surface in the catchment, and the hydraulic conductivity was decreased by 50% compared to the normal conditions without burning in line with the field studies by Holden et al. (2014) . Figure 4 illustrates the burning patch scenario, and the size of each patch was set as 100 m × 100 m. It is already known that variation in patch size at this scale does not affect peak flow in flood events (principle 2 of Gao et al., 2016) , so what will be important to understand is how the occurrence of burning and its location influences flow peaks.
| Revegetation
The bare areas were digitized using aerial photos. Most bare areas were concentrated in the headwaters, and they covered 5.8% of the catchment ( Figure 5 ). To explicitly evaluate the impact of bare soil restoration on river flow, two scenarios representing revegetating all of these areas with either Eriophorum or Sphagnum were simulated and compared to the simulations undertaken when retaining the bare peat.
The hilltoe and riparian zone is considered to be a highly sensitive area for land cover impacts on flood peaks in peatland catchments (Gao et al., 2016) . Vegetation restoration in these areas could attenuate flood peaks more effectively than other locations in the catchment.
A further scenario was therefore designed ( Figure 5 ) to represent riparian zone vegetation change from Eriophorum to Sphagnum. The same proportion of the catchment land cover was changed as above (i.e., 5.8% of the catchment), but the bare areas elsewhere in the catchment were left unrestored.
| Modelling runs
In all scenario runs, two rainfall events with different rainfall intensi- Around 50 test runs of the model were operated through the calibration period to identify a good performing set of parameters (m = 14 mm, K = 100 m/hr, k v = 30). There was good correspondence between simulated and observed flow in the calibration period (the Nash-Sutcliffe efficiency was 0.88, Figure 6 ). This parameter set was then used to run the model in the validation period, and the simulation corresponded well to the observed flow with an efficiency of 0.82 ( Figure 6 ). Even though it appears that the wetting up periods were not quite captured by the model, most importantly the flow peaks were well simulated in both periods. Thus, the model has a good performance in the Snaizeholme catchment, and the parameter set acquired in the calibration and validation process was used in the scenario study in the Coverdale catchment. All parameter sets used in the modelling runs of the land management scenarios are presented in Table 1 .
| RESULTS

| Grazing
All grazing scenarios resulted in larger flow peaks and earlier rising limbs of the peaks compared to the hydrograph of the baseline scenario (Figures 7 and 8) . The hydrograph comparison between the grazing scenarios and the baseline scenario can be seen in Table 2 . Grazing on HLS land results in more than twice the relative change to the baseline condition compared to grazing on ELS land. The scenario with both ELS and HLS regions grazed has a large impact on river flow peaks with, for example, even just for the light grazing scenario, a predicted 18-min earlier flow peak and a 32.9% increase in peak discharge for the 15-mm storm event. Heavy grazing scenarios had much greater influence on flow peaks than light grazing; for the same 15-mm storm with grazing across the ELS and HLS regions, the peak was 42 min earlier and 82.2% higher than baseline ( Figure 7, Table 2 ).
| Burning
The modelling results for the burning scenario indicate that burn patches in the headwaters slightly raise the flow peaks under each storm event compared to baseline conditions (Figure 9 ). The peaks were increased by 3.2% (2.80 m 3 /s) and 2.3% (7.00 m 3 /s) under the 15-and 30-mm storm events, respectively, and there was not large impact on flow peak timing (Table 2 ).
| Revegetation
Revegetation in the catchment was predicted to decrease river flow peaks and postpone rising limbs compared to the scenario without revegetation. However, for the bare soil revegetation scenarios, the peak time was not delayed (see Figure 10 ). Note that revegetation with Eriophorum on real bare soil patches is the baseline scenario in the grazing and burning scenario sets above. The scenario of no-revegetation was the "standard" scenario for this comparison. Riparian vegetation change to Sphagnum produced much lower flow peaks and strongly delayed the hydrograph peak under both rainfall events (Table 2) .
We compared the extreme cases for the catchment. The first is a scenario with heavy grazing in ELS and HLS areas combined with burning (the intensive management scenario). The second is no grazing and burning combined with bare soil revegetation with Eriophorum plus riparian areas vegetated with Sphagnum (the conservation scenario).
The modelling results showed that the intensive management scenario In this study, a well-performing parameter set from the calibration and validation was applied in the baseline scenario rather than a cluster of parameter sets for the GLUE (generalized likelihood uncertainty estimation) method (Beven & Binley, 1992) . The uncertainty of this single parameter set could affect the results of land management scenario modelling, but because of the large consumption of computational time (more than 2 hr for a calibration and validation or scenario run for Coverdale using an i5-CPU desktop PC), the GLUE method was not affordable for direct application in this study. However, uncertainties in the model have previously been investigated by Gao et al. (2016) . The GLUE method was employed by Gao et al. (2016) , and 50 parameter sets (each set included 3 parameters, i.e., m, K, k v ) were randomly selected for three different study catchments in its representative parameter space and used to run the model in the calibration period 50 times. The top five parameter sets with the highest NashSutcliffe efficiencies (all >0.82) were obtained for each catchment that they studied (the five sets performed well also in validation periods).
They were then used in land cover scenario runs (only k v was changed in the land cover change areas of the land cover scenarios). The results were entirely consistent with the results that were obtained by using one parameter set (see the supplementary material). Thus, based on GLUE results obtained by Gao et al. (2016) using our model, we think that, for Snaizeholme and Coverdale, the one well-performing parameter set chosen was appropriate.
| Grazing
Grazing in the current areas of subsidies covered by ELS and HLS schemes may increase flood risk produced by the Coverdale FIGURE 10 Hydrographs of the revegetation scenarios under 15-(left) and 30-mm (right) rainfall events restoration in the catchment (e.g., reduced grazing density) could reduce and delay flood peaks considerably. Lane (2003) , who evaluated flooding downstream in York, noted that changes in peaks over threshold occurrence in the city appeared to be linked to periods of increased upstream grazing density, rather than solely to changes in rainfall patterns. Thus, our evidence strongly supports the idea that catchment managers can aid the downstream delivery of flood solutions by implementing changes in grazing regimes in parts of the tributary catchments. There are various policy mechanisms for doing this, but it may be possible to support landowners and farmers through payments for delivery of downstream ecosystem services rather than through payments for how many sheep they own. There may also be additional benefits on top of those resulting from changes in surface vegetation roughness, through reduced compaction in the years after grazing has been removed, although there is a lack of empirical data for U.K. upland soils.
| Burning
The impact of burning patches on flow peaks was relatively limited in our study. This may be because the total area of the burning patches was only 8.7% of the catchment area and, more importantly, most burning was located on the headwater locations that have been found to be low-effect areas for river flow peaks (Gao et al., 2016) . In recent years, managed burning in U.K. upland peatlands has been widespread (Douglas et al., 2015; Holden et al., 2015; Yallop et al., 2006) . For upland peat catchments like Coverdale, if burning areas extend further downslope in the future and into riparian areas, then this may have a greater influence on river flow during storm events.
| Vegetation restoration
Restoration with denser vegetation (e.g., Sphagnum) on bare soil can reduce flood risk more effectively than coarser vegetation (e.g., Eriophorum) in storm events. However, for the Coverdale case, because bare areas were restricted to relatively insensitive parts of the catchment, there would be limited impacts on flood peaks by revegetating those zones. Instead, encouraging vegetation change towards rougher conditions in riparian zones, which is considered to be one of the best regions for management practices of surface water protection in catchments (Henault-Ethier, Larocque, Perron, Wiseman, & Labrecque, 2017; Lyons, Trimble, & Paine, 2000) , will yield greater benefits on reducing flood peaks from the catchment. This is because riparian zones are more efficient areas impacting overland flow delivery due to the converging shape of river catchments and the accompanying overland flow concentration (Gao et al., 2016) . 
| Storm size
For all sets of land management scenarios studied, as rainfall intensity increased from 15 to 30 mm/hr, the relative change in the flood peaks of the land management scenarios decreased compared to the baseline scenario. However, the absolute change in flood peak became greater.
This means that loss of vegetation cover and soil compaction can increase flood peaks by a larger absolute value in heavier rainfall than in smaller storms. However, effects of rainfall intensity and its temporal and spatial distributions on river flow in floods would require further research. However, if revegetation (Eriophorum to Sphagnum) occurred in an identically sized area (5.8%) of the riparian zone along river channels, the reduction of flood peaks would be much larger (15.0% and 14.0%
decreases of flow peaks in the two storms) than the bare soil revegetation scenario. From a management perspective, efficiency savings can be made by investing in riparian buffer zones.
For flow peak timing, land management affected rising and falling limbs of the hydrographs considerably. This is important because flood peak synchrony effects are important considerations when utilizing landscapes for flood reduction (Holden, 2005; Rogger et al., 2017) .
For grazing and burning scenarios, there are earlier rising and falling limbs than the baseline scenario; conversely, the delayed rising and Our application of the distributed TOPMODEL in the Coverdale catchment shows how the method could be an effective and efficient tool to help land managers evaluate how changes in agricultural practice would affect flood risk in upland catchments. Further work is now required to measure soil properties and surface roughness on the organomineral soils that often occur further down the catchment below blanket peat headwaters. This would enable the model to be run over larger spatial scales covering several soil types and providing an integrating tool for land managers seeking to derive "nature-based solutions" to flooding.
